Abstract A novel fungal laccase produced by the ascomycete Chaetomium sp. isolated from arid soil was purified and characterized and its ability to remove dyes was determined. Extracellular laccase was purified 15-fold from the crude culture to homogeneity with an overall yield of 50% using ultrafiltration and anion-exchange chromatography. The purified enzyme was found to be a monomeric protein with a molecular mass of 68 kDa, estimated by SDS-PAGE, and with an isoelectric point of 5.5. The optimal temperature and pH value for laccase activity toward 2,6-DMP were 60°C and 3.0, respectively. It was stable at temperatures below 50°C and at alkaline conditions. Kinetic study showed that this laccase showed higher affinity on ABTS than on 2,6-DMP. Its activity was enhanced by the presence of several metal ions such as Mg 2? , Ca 2? and Zn 2? , while it was strongly inhibited by Fe 2? , Ag ? and Hg 2? . The novel laccase also showed high, remarkable sodium chloride tolerance. Its ability to decolorize different dyes, with or without HBT (1-hydroxy-benzotriazole), as redox mediator, suggests that this protein may be useful for different industrial applications and/or bioremediation processes.
Introduction
An intense research on extreme laccases has been performed in the recent years due to its resistance to the harsh conditions of several biotechnological and industrial applications (Giardina et al. 2010; Rodgers et al. 2010; Dwivedi et al. 2011) . As reported previously, these versatile enzymes play an interesting role in many industrial sectors, including paper biopulping and biobleaching, decolourization of textile dyes and detoxification of contaminated soils (Rodríguez Couto and Toca Herrera 2006) , in food industries, and bioremediation and organic synthesis Sakurai and Kataoka 2007) . Laccases (benzenediol oxygen oxidoreductase, EC 1.10.3.2) are copper-containing enzymes belonging to the blue oxidases' group. The laccases are mostly extracellular glycoproteins (Kunamneni et al. 2007 ) which can be found under three forms: monomeric, dimeric or tetrameric. Laccases contain usually three types of copper sites (types 1, 2, and 3) and four copper atoms that catalyze the oxidation of suitable substrates with the concomitant reduction of O 2 to water (Frasconi et al. 2010) . They have received much attention during the last decades due to their relatively wide substrate specificity. Laccases are widespread in nature and are present in fungi, some bacteria, insects and higher plants (Hakulinen et al. 2002; Riva 2006) . However, fungal laccases are the most studied enzymes (Baldrian 2006; Sharma et al. 2007) , especially from the Basidiomycetes class (Claus 2004 ). To our knowledge, only few previous studies are reported on Ascomycetes and illustrated that this group of fungi often presented a multigene family of laccases but without much information regarding the regulation mechanisms of laccase expression (Levasseur et al. 2010; Fan et al. 2014) . Laccases from ascomycetes have been little investigated, especially the ones produced from thermophilic and thermotolerant ascomycetes. This class of fungi constitutes a potent natural source of thermostable enzymes (Boonlue et al. 2003) which are expected to be powerful tools for sustainable developments in industrial and biotransformation processes under harsh conditions (Maheshwari et al. 2000) . Phylogenetic analyses showed that the known thermophilic ascomycetes fungi, from the orders Sordariales, Eurotiales, and Mucorales (Berka et al. 2011) belong to the Chaetomiaceae family. Chaetomium species are well known as cellulolytic filamentous fungi participating in decomposition of cellulose-rich materials (Phonkerd et al. 2008) . This broad genus constitutes the predominant components of the mycoflora in various soils (Rodríguez et al. 2002; Wijeratne et al. 2006) . Chaetomiaceae family includes species that play potent roles in biology and biotechnological fields (Soni and Soni 2010) , taxonomy (Wang and Zheng 2005) , and molecular studies (Aggarwal et al. 2008) . For decades, huge number of new compounds (bioactive metabolites) have been isolated and reported from this genus (Park et al. 2005) . Due to the increasing demand for fungal extracellular enzymes that are able to work under harsh conditions (Krishnamurthy et al. 2008) , some species of Chaetomium have been studied for their ability to produce several enzymes with potential applications (Abd El-Azeem and Salem 2012). Many species of Chaetomium are known for their effective ability to suppress the growth of bacteria and fungi through mycoparasitism, competition and combination of various mechanisms (Park et al. 2005; Zhang and Yang 2007; Marwah et al. 2007 ). They have also been reported as potential biocontrol species against many pathogenic microorganisms including Fusarium, Helminthosporium and Phytophthora (Soytong et al. 2001 ) and as interesting producers of cellulases, e.g., Chaetomium murorum (Reanprayoon and Pathomsiriwong 2012). In the present study, we report the purification of laccase from the ascomycete fungal strain, Chaetomium sp., and its biochemical characterization. The purified enzyme was evaluated for its ability for dye decolourisation.
Materials and methods

Chemicals
The compounds used as laccase substrates were: 2,6-dimethoxyphenol (2,6-DMP), 2.2 0 -azinobis-(3-ethyl benzthiazoline-6-sulphonate) (ABTS), guaiacol and the synthetic dyes including Acid Orange 51, Direct Red 75, Malachite Green, Direct Blue 86 and Remazol Brilliant Blue R. All chemicals were of analytical grade and were from Sigma-Aldrich (St. Louis, MO, USA).
Isolation and screening of laccase-producing fungal strains
The soil samples used in this study were collected from arid regions in southern Tunisia. Strains were isolated by streaking several times until pure fungal colonies were obtained. After purification, fungal strains were maintained on 2% (w/v) malt extract agar (MEA) plates and incubated at 37°C for 5-7 days. For the detection of laccase activity, all collected strains were grown on MEA plates at 37°C containing 5 mM of 2,6-DMP and 150 lM copper sulfate. Colonies, with red-brown halos, were picked out as potential positive strains and transferred into flasks of a basal medium with 150 lM CuSO 4 , as inducer (M7 medium), for further characterization (see below, point 2.4).
Molecular identification of fungal strains
Fungi screened out in our work were isolated in our laboratory from arid soil in southern Tunisia. These collected strains were subjected to molecular identification of their ITS sequences. The genomic DNA was extracted from the fungal cells using DNeasy Plant Mini Kit (Qiagen). To perform the sequence analysis, the 18S rDNA region was amplified by polymerase chain reaction (PCR) using the universal internal transcribed spacers combination ITS1/ ITS4 as primers (Damm et al. 2008) . PCR amplification was performed in a thermocycler system with an initial denaturation step at 95°C for 1 min 30 s, followed by 35 cycles consisting of denaturation (94°C for 45 s), annealing (52°C for 45 s), elongation (72°C for 1 min 30 s), final extension (72°C for 5 min) and ending at 4°C; 400-600 pb amplicons were obtained and loaded onto a 1% agarose gel. The amplified DNA was purified using QIAquick Ò Gel Extraction Kit and sequenced using an automated ABI Prism 3730 DNA sequencer (Applied Biosystems,…). The nucleotide sequences were analyzed by comparing the known 18S ribosomal reference sequences in the National Center for Biotechnology Information (NCBI) GenBank database by BLAST analysis (Altschul et al. 1997) . Multiple sequence alignment was achieved using ClustalW (Thompson et al. 1994) . The evolutionary distances were computed using the maximum composite likelihood method (Tamura et al. 2004 ). Phylogenetic tree was inferred using the neighbor-joining method (Saitou and Nei 1987) in the MEGA7 program (Kumar et al. 2016) with bootstrap values based on 1000 replicates (Felsenstein 1985) . All positions with less than 95% site coverage were eliminated.
Fungal strain and culture conditions
The Chaetomium sp. strain was grown on malt extract agar (MEA) plates incubated at 45°C for 5-7 days. Chaetomium sp. preculture was prepared by placing three mycelial plugs from a 5-day-old culture (45°C) on malt extract agar plates, in 250 mL Erlenmeyer flasks containing 50 mL of M 7 medium. After 4 days, 2% (v/v) (Dittmer et al. 1997) .
Enzyme assays and protein determination
Laccase activity was measured spectrophotometrically with 2,6-dimethoxyphenol (2,6-DMP) and 2.2 0 -azinobis-(3-ethyl benzthiazoline-6-sulphonate) (ABTS) as substrates. The enzymatic reaction mixtures were determined by using 5 mM ABTS in 100 mM sodium acetate buffer, pH 5.0 (e 436 = 29.300 M -1 cm -1 ) (Rodríguez et al. 2008 ), or 5 mM 2,6-DMP in 100 mM citrate buffer, pH 5.0 (e 469 = 27,500 M -1 cm -1 ) (Jaouani et al. 2005) . The enzymatic assays were carried out at room temperature. Protein concentration was determined using BCA method (Bio-Rad) (Smith et al. 1985) .
Laccase purification
Laccase produced from Chaetomium sp. was purified from 8-day-old cultures containing CuSO 4 . Mycelia were removed from culture liquid by filtration through filter paper. The filtrate was concentrated and dialyzed against 10 mM sodium phosphate (pH 6.5) (Buffer A) by ultrafiltration (Filtron; 10 kDa cutoff membrane). The concentrated enzyme solution was loaded onto a Hitrap QFF cartridge column (16 9 25 mm, GE Healthcare) preequilibrated with the same buffer A at a flow rate of 1 mL min -1 . Retained enzymes were eluted at the same flow rate with a linear NaCl gradient (0-1 M) in 10 mM sodium phosphate (pH 6.5) described as Buffer B. The fractions containing highest laccase activity were pooled, desalted using PD-10 column and concentrated by 30 kDa molecular weight cut-off ultrafiltration concentrator. 1-mL samples were subjected to a mono-Q-anion exchange column (Q-Sepharose GL 5/50) (GE Healthcare Life Sciences) equilibrated with the same buffer A. Retained proteins were eluted with the same buffer B at the same flow rate. The laccase peak was collected, concentrated and stored at 4°C for subsequent characterization. An SDS-PAGE was performed to check the purity of the purified laccase. The protein content and laccase activity of each purification step were measured.
Laccase characterization
The apparent molecular weight of the purified laccase was estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and gel filtration. SDS-PAGE was performed on 12% gel as described by Laemmli (1970) using high-molecular-mass protein marker (BioRad). Gel filtration was carried out on Sepharose G-75 column calibrated with conalbumin (75 kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa), ribonuclease A (13.7 kDa) and aprotinin (6.5 kDa) to estimate the molecular weight of the native protein. A volume of 0.1 mL of concentrated protein was loaded onto this column, equilibrated with 10 mM sodium phosphate buffer containing 100 mM NaCl, pH 6.5, and eluted isocratically at a flow rate of 1 mL min -1 . The isoelectrofocusing was performed on 5% polyacrylamide gel with pH range from 3.5 to 10 (Chakroun et al. 2010) . Protein bands after SDS-PAGE were visualized by staining with Coomassie Brilliant Blue R-250. Zymogram analysis was carried out under non-denaturing conditions and activity bands were obtained using 10 mM 2,6-DMP in 100 mM sodium acetate buffer (pH 5.0) after washing the gel for 10 min with the same buffer (Zouari-Mechichi et al. 2006) . The UV-Visible absorption spectrum (300-800 nm) of the purified laccase was recorded in 10 mM sodium phosphate buffer, pH 6.5 using the spectrophotometer (Neifar et al. 2010 ).
Effect of pH and temperature on laccase activity and stability
Optimum pH for laccase activity was determined towards ABTS and 2,6-DMP at a pH range from 2.0 to 8.0. The pH level was adjusted using citrate-phosphate buffer with a final concentration of 50 mM. pH stability was tested after incubating the laccase at different pH values (pH 2.0-9.0) for 24 h at 4°C. To determine the optimal temperature, laccase activity was tested at various temperatures (30-90°C) at optimal pH. Thermal stability was investigated by incubating the purified enzyme at different temperatures (40, 50, 60, 70 and 80°C) for 6 h. Residual activities were measured using 2,6-DMP as substrate. The estimated activity at starting time was considered as 100% stability.
Effect of sodium chloride on laccase activity
The halotolerance test of the purified laccase was investigated in presence of 250-3000 mM NaCl. Controls were carried out under the same conditions, without NaCl. The relative activities were measured using 2,6-DMP as substrate.
Effect of metal ions and inhibitors on laccase activity
The effect of metal ions, used at three concentrations 10, 100 mM and 200 mM on laccase activity was determined by incubating the enzyme with each metal at 4°C for 15 min before measuring the residual activity. (FeSO 4 ). The effect of some inhibitors on laccase activity was tested as described above using 2,6-DMP assay.
Inhibitors were used at different concentrations as follows: ethylenediaminetetra-acetic acid (EDTA) (0.5, 10 and 30 mM); dithiothreitol (DTT) (1 and 2.5 mM); b-mercaptoethanol (0.05 mM); L-cysteine (0.01 mM) and sodium azide (NaN 3 ) (0.01 and 0.1 mM). Laccase activity, in the absence of metal ions and inhibitors, was used as the control.
Kinetic parameters of the purified laccase
The substrate specificity of the purified laccase was investigated for ABTS and 2,6-DMP with concentrations ranging from 1.25 lM to 1 mM in 100 mM sodium acetate buffer at optimal pH. K m and k cat values were estimated using the Lineweaver-Burk plots of Michaelis-Menten equation (Lineweaver and Burk 1934; Lu et al. 2013 ).
Decolourization of synthetic dyes
Dye decolourization capability of the pure laccase obtained from Chaetomium sp. was evaluated using various synthetic dyes such as Remazol Brilliant Blue R (RBBR) (592 nm); Direct Blue 86 (594 nm); Acid Orange 51 (446 nm); Direct Red 75 (600 nm) and Malachite Green (630 nm). The reaction mixture (5 mL) included citratephosphate buffer (pH 5.0; 100 mM), laccase (0.3 U mL -1 ) and dye (50 mg L -1 ). Reaction was carried out at 28°C for 4 h and 24 h in the darkness under mild shaking conditions (Ben Younes et al. 2007; Schückel et al. 2011) . Decolourization was assayed with and without HBT (1-hydroxy-benzotriazole) as the most common laccase mediator at a final concentration of 0.5 mM. The control samples were carried out in parallel without adding the enzymes. All experiments were performed in triplicate. The decolourization percentage was measured spectrophotometrically as the relative decrease of absorbance at the maximal absorbance-wavelength of each dye (Wang et al. 2010) .
Results and discussion
Isolation, screening, and identification of laccase producing fungal strains Sixteen fungal strains were isolated from arid Tunisian soils. The most interesting strain was identified based on the analysis of the amplified nucleotide sequences of the nuclear ribosomal ITS1-5.8-ITS4 region (*600 bp). The phylogenetic tree was inferred using neighbor joining plot after alignment of the DNA amplified sequences using ClustalW software ( Fig. 1) with their putative homologue sequences from GenBank. The analysis of ITS sequences similarity revealed that the fungus, designated as TM 2 , is closely related to members of the genus Chaetomium. This strain was selected for further study. The dendogram obtained from the alignment showed that the maximum identity (97%) of TM 2 was found with Chaetomium sp. ATT038 (Accession number HQ607809). This new fungus showed a homology with other close strains including, Chaetomium luteum (Accession number JN564004) (97% identity), Chaetomium sp. xz11 (Accession number KJ935022) (98% identity), and Chaetomium sp. R01 (accession number: GU207839) (96% identity). It is clear that the selected strain, Chaetomium sp. TM 2 , belongs to the cluster that included laccase-producing ascomycetes. Laccase has been reported in some well-known ascomycetes from Sordariomycetes class (Kittl et al. 2012) , such as Myceliophtora thermophila (Berka et al. 1997) and Melanocarpus albomyces . However, the genus Chaetomium is a representative model of cellulolytic filamentous fungi, while few data have been reported as laccase producers (Chefetz et al. 1998; Qasemian et al. 2012; Manai et al. 2016) .
Purification of extracellular laccase
The purification process of laccase obtained from Chaetomium sp. culture is summarized in Table 1 . Liquid culture broth was concentrated, dialyzed and purified using two different chromatographic columns. During the first chromatographic step, the purification was carried out using a weak anion exchanger (Q-Cartridge) with a linear gradient of NaCl in the range 0-1 M. Laccase activity was separated from most proteins and brown pigments which showed strong absorbance at 280 nm. Afterward, a high efficiency exchange anion column (Mono-Q) was used to further separate the laccase obtained from the last step after concentration by using Amicon system. Chromatography through Mono-Q column resolved a single protein peak corresponding to a blue fraction with the isolated laccase, which was purified 15.11-fold with a final yield of 50.39%.
Laccase characterization
To verify homogeneity of the purified laccase and to determine its molecular mass, it was analyzed by SDS-PAGE, showing an apparent molecular mass of 68 kDa (Fig. 2a) . The zymogram of this protein showed that it maintains its activity after the SDS-PAGE (Fig. 2b) . The gel filtration chromatography of this protein, using Sepharose G-75 column, showed a single peak which showed a molecular mass around 80 kDa, indicating that this laccase was a monomeric protein (data not shown). These results agree with data reported in many typical fungal laccases, described as monomeric proteins with molecular weight ranging from 50 to 130 kDa (Morozova et al. 2007 ). The estimated molecular weight of this laccase was very close to that of laccases from Xylaria polymorpha (67 kDa) (Liers et al. 2007 ), Cerrena unicolor (LaccI, 64 kDa) (Michniewicz et al. 2006) , Pycnoporus sanguineus CS43 (66 and 68 kDa) (Ramírez-Cavazos et al. 2014) as well as Pleurotus eryngii (61-65 kDa) (Muñoz et al. 1997) . Although it has been reported the production of several laccase isoforms in fungi (Baldrian 2006; D'Souza-Ticlo et al. 2009; Chakroun et al. 2010) , the isolated Chaetomium sp. produced a single laccase with a pI value of 5.5 (data not shown). This value is higher than those reported in other fungal laccases as those from the basidiomycetes Coriolopsis sp (pI 3.5-4.3), Coriolus sp (pI 4.0-4.6) (Baldrian 2006) , Trametes trogii (pI 3.3-3.6) (Garzillo et al. 1998) or the ascomycetes Melanocarpus albomyces (pI 4.0) . Baldrian (2006) showed that typical fungal laccases are proteins with acidic isoelectric point around pH 4.0. Moreover, the pI of the laccase from the new Chaetomium sp. isolated strain was similar to that reported for the laccase produced by Chaetomium thermophilum (pI 5.1) (Chefetz et al. 1998 ).
The purified laccase has a blue color typical for copper containing oxidases. The UV-Vis spectrum of the pure laccase (Fig. 3) showed a peak at 580 nm, corresponding to type 1 copper centre which gives it its characteristic blue color, and a shoulder at 320 nm, indicating the presence of type 3 trinuclear cluster. These results are similar to that for other typical fungal blue laccases (Dwivedi et al. 2011; Yang et al. 2014 ). The absorbance ratio 280 nm/610 nm was determined to be 20.0, which is consistent with that reported for these enzymes (15-20) (Ademakinwa and Agboola 2016) . This laccase has some properties similar to or in the range of most reported ascomycetes and basidiomycetes fungal blue laccases (Chakroun et al. 2010 ; Ben Younes and Sayadi 2011).
Effect of pH and temperature on laccase activity and stability
The effect of pH on laccase activity was tested at different pH values ranging from 2.0 to 8.0 by using 2,6-DMP and ABTS as substrates. As shown in Fig. 4a , the optimal pH for the oxidation of both substrates was 3.0. This result is in agreement with data reported by Baldrian (2006) and Morozova et al. (2007) for both substrates used. A previous study reported that most fungal laccases have optimal pH values in the acidic range using ABTS as substrate (Siroosi et al. 2016) . It is in a linear response to pH. This result is consistent with many previous works reported by Schückel et al. (2011); Halaburgi et al. (2011) and Yang et al. (2014) . No activity was observed above 7.0, which is in contrast to that of Melanocarpus albomyces laccase (more than 70% of the residual activity remained at pH 8.0) . The pH stability of the purified Chaetomium sp. laccase is shown in Fig. 4b . The purified laccase retained 100% of its relative activity over a wide range of pH values from 4.0 to 9.0, which is similar to many reported fungal laccases from ascomycetes and basidiomycetes. Laccases from the thermophilic ascomycete Melanocarpus albomyces ; Fusarium proliferatum (Fernaud et al. 2006) , Trichoderma atroviride (Chakroun et al. 2010 ) and Cladosporium cladosporioides (Halaburgi et al. 2011 ) showed tolerance to neutral and slightly alkaline conditions (pH 7.0-9.0). The studies of the effect of pH on the purified laccase from Streptomyces psammoticus showed that it is stable in the alkaline pH range 6.5-9.5 (Niladevi et al. 2008 ). This remarkable property makes this laccase a promising candidate for industrial applications where alkaline conditions predominate. Temperature dependence of enzyme was studied in a wide temperature range from 30 to 90°C. The highest activity of the purified laccase using 2,6-DMP as substrate, was observed at 60°C (Fig. 4c) . Similar temperature was reported for ascomycetes laccases from Scytalidium thermophilum (T opt 65°C) (Ogel et al. 2006) , Xylaria polymorpha (T opt 60°C) (Liers et al. 2007) , Trametes sp. (T opt 60°C) (Daâssi et al. 2013) and Melanocarpus albomyces (T opt 60-70°C) . Generally, the typical range of optimum temperature that characterized the fungal laccases is from 50 to 70°C (Baldrian 2006; Morozova et al. 2007; Chakroun et al. 2010; Wu et al. 2010; Santhanam et al. 2011 ). The thermal stability was studied for 6 h at temperatures in the range 40-80°C. As shown in Fig. 4d , the purified laccase was not a thermostable enzyme similar to that produced from the ascomycete Trichoderma reesei (Lavasseur et al. 2010) . At 40°C, no loss of laccase activity was recorded, which indicated that the purified enzyme was highly stable at this temperature. At 50°C, the enzyme retained around 85% of its activity after 90 min of incubation. Above 50°C, the loss of laccase activity was much more pronounced with a half life (IC 50 ) of 90 min at 60°C, which is close to those observed in other fungal thermostable laccases (Baldrian 2006; Chakroun et al. 2010; Yang et al. 2014 ). This result is similar to that reported by Daâssi et al. (2013) which showed that laccase from Trametes sp. retained 50% of its activity after 90 min of incubation at 55°C. Moreover, thermostability studies, reported by Niladevi et al. (2008) , showed that laccase from Streptomyces psammoticus is not stable at temperatures above 50°C during prolonged incubation time. It was found that after 90 min of incubation, the residual activities of the enzyme were reduced to 85 and 69% at 55 and 60°C, respectively. This activity loss at high temperatures could be associated with thermal inactivation of the protein and could be related with a modification in its three-dimensional structure (by release of copper ions from the active site) (Palonen et al. 2003; Rich et al. 2013 ).
Effect of chloride on laccase activity and stability
The most important obstacle reducing the application of laccases within different biotechnological and industrial processes is its sensitivity to high chloride ion concentrations (Xu 1996; Kittl et al. 2012) . A lot of studies report that most fungal laccases were strongly inhibited at chloride ion concentrations below 100 mM (Farnet et al. 2008) due to its sensitivity towards halides (Fang et al. 2011) . It has been proved that an interruption of internal electron transfer from the T1 to the T2/T3 centers caused by the binding of chloride to T2/T3 trinuclear center (Ruijssenaars and Hartmans 2004) . So that, the dependence of Chaetomium sp. laccase on NaCl concentration was evaluated using 2,6-DMP as substrate (Fig. 5) . The purified Chaetomium sp. laccase showed tolerance towards sodium chloride, it retained 60% of its initial activity at 1 M NaCl which is similar to that reported in Picnoporus sanguineus (Lu et al. 2013) . Compared with laccases produced from Chaetomium sp. and Xylogone sphaerospora (two ascomycota), the purified enzyme showed a high tolerance to the presence of sodium chloride ions (Qasemian et al. 2012) . Qasemian et al. (2012) showed that laccases from Chaetomium sp. remained 50% of its initial activity at Fig. 4 Effect of pH and temperature on the activity and stability of the purified laccase from Chaetomium sp. strain: a optimum pH using 2,6-DMP (filled square) and ABTS (filled diamond) as substrates. b pH stability, after 24 h incubation at 4°C. (c) Optimum temperature using 2,6-DMP as substrate. (d) Thermostability of the purified enzyme at 40°C (filled diamond), 50°C (filled square), 60°C (filled triangle), 70°C (small letter x) and 80°C (cyrillic Zhe) 100 mM. With Xylogone sphaerospora strain, IC 50 was obtained for 200 mM NaCl. This remarkable chloride tolerance may give a preference to this laccase in some industrial applications where a high chloride concentration is needed, such as pulp biobleaching and textile dye decolorization Vanhulle et al. 2008; Rodríguez et al. 2008 ).
Effect of metal ions and inhibitors on laccase activity
Enzymes for industrial purposes should display a higher tolerance and stability in the presence of inhibitors and metal ions present massively in industrial processes (Pan et al. 2014) . The effect of metal ions on the Chaetomium sp. laccase activity was tested at three concentrations (10, 100 and 200 mM). As shown in Fig. 6a , a strong inhibition resulted after the addition of Hg 2? , Ag ? and Fe 2? at a concentration of 10 mM, similarly to those reported from other fungal laccases (Lu et al. 2007 (Lu et al. , 2013 Neifar et al. 2010; Forootanfar et al. 2011; Yang et al. 2014; Castaño et al. 2015) . Previous studies showed that Fe 2? inhibit strongly laccase activity, this feature was similar for most other laccases (Lu et al. 2007; Yang et al. 2013 ). In contrast, Niladevi et al. (2008) showed that Fe 2? could stimulate the laccase from Streptomyces psammoticus. In the presence of 10 mM of Ag ? , Yang et al. (2013) reported that relative activity of laccase from Shiraia sp.SUPER-H168 decreased to 8.13%. The purified laccase was highly sensitive to Hg 2? , similarly to the results obtained by Lu et al. (2013) and Mukhopadhyay and Banerjee (2015) (total inhibition occurred with Hg 2? concentration higher than 5 mM). The activity of the purified laccase in the presence of copper ions decreased slightly and remained around 78% of its relative activity in the presence of 10 mM Cu 2? . However, similar result was found on laccase from Pycnoporus sp. SYBC-L1 in the presence of 10 mM Cu 2? , which retained 71.52% of its relative activity (Wang et al. 2010) . These results are not in agreement with previous reports that showed the enhancing effect of copper ions on laccase activity (Baldrian and Gabriel 2003; Niladevi et al. 2008; Castaño et al. 2015) . It was found that for concentration of 10 mM of Mg 2? and Zn 2? , laccase activity remained stable. Similar results were found by Wang et al. (2010) and Yang et al. (2013) and showed that around 99% of relative activity was retained. The presence of Mg 2? , Ca 2? and Zn 2? at high concentrations (200 mM), showed a significant stimulation of laccase activity. Further increase of Ca 2? concentrations seems to have no effect on laccase activity. These observations indicated that metal ions had different effects on laccase catalytic activity depending on its type and changed within strains of the same species. The effect of some typical laccase inhibitors was tested in the presence of sodium azide (NaN 3 ), the metal ion chelator DTT (1) EDTA (30) EDTA (10) EDTA ( EDTA and the thiol compounds; L-cysteine (L-cys), DTT and b-mercaptoethanol (b-mercapto) , as shown in Fig. 6b . The purified Chaetomium sp. laccase was completely inhibited by 0.1 mM of NaN 3 , which is agree with those observed in other fungal laccases (Chakroun et al. 2010; Si et al. 2013; Castaño et al. 2015) . Similar results reported a complete inhibition of laccase activity by the same concentration 0.1 mM NaN 3 (Lu et al. 2007; Niladevi et al. 2008) . This strong inhibition could be explained by the decrease of the oxygen consumption by laccase during the catalysis (Baldrian 2006) due to the binding of NaN 3 with type 2 and 3 copper sites which block the electron transfer (Ryan et al. 2003; Chakroun et al. 2010; Lu et al. 2013) . 1 mM DTT showed no inhibitory effect on the Chaetomium sp. laccase. The enzyme retained around 90% of its relative activity at this concentration, in contrast to that obtained for laccase from Pycnoporus sanguineus (Lu et al. 2007 ) which showed 90% of inhibition at the same concentration. The laccase was quite resistant to EDTA where 80% of the initial activity was retained at 10 mM. At a concentration of 30 mM EDTA, a complete inhibition was obtained, similarly to that reported for other laccases, where only high concentrations of EDTA ([25 mM) inhibited the enzyme, such as laccases from Xylaria sp. (Castaño et al. 2015) , Pleurotus ostreatus (Palmieri et al. 1997) , Streptomyces sp. C1 (Lu et al. 2013) as well as the aquatic ascomycete Phoma sp. UHH 5-1-03 (Junghanns et al. 2009 ). With 0.01 mM L-cysteine and 0.05 mM bmercaptoethanol, laccase activity was reduced by 50% of its initial activity. Compared to previous studies, L-cysteine and b-mercaptoethanol were efficient inhibitors to the purified laccase at low concentrations (\0.1 mM). Similar results, reported by Sondhi et al. (2014) , showed that the enzyme activity was completely inhibited when reducing agents L-cysteine and b-mercaptoethanol were added to the reaction mixture. It was reported that L-cysteine at a concentration of 0.1 mM has different effects on laccases from Lentinus squarrosulus MR13 (30% inhibition) (Mukhopadhyay and Banerjee 2015) , Bacillus licheniformis LS04 (40% inhibition) (Lu et al. 2012) and Trichoderma atroviride (58% inhibition) (Chakroun et al. 2010) . Yang et al. (2013) reported that 10 mM of L-cysteine inhibits 50% of laccase activity produced by Shiraia sp. SUPER-H168. At higher concentration, b-mercaptoethanol was able to inhibit only 7% (Halaburgi et al. 2011 ) and 14% (Mukhopadhyay and Banerjee 2015) of enzyme activity at 10 and 0.1 mM, respectively. The purified Chaetomium sp. laccase was tolerant to common environmental metal ions and typical inhibitors presenting in the industrial effluents. This tolerance makes it an advantageous tool for practical applications since many other laccases are active in the presence of the same metal ions.
Kinetic parameters of the purified laccase
The apparent kinetic constants (K m , k cat ) of the Chaetomioum sp. laccase were determined for the small phenolic substrate 2,6-DMP and for the artificial substrate ABTS, at different concentrations. A comparison of the catalytic properties of the enzyme against both substrates is showed in Table 2 . The highest catalytic efficiency was observed with ABTS, which showed the lower K m value (5.6 lM). The affinity of Chaetomium sp. laccase for 2,6-DMP was higher (10.2 lM), which agree with data reported for most of the fungal laccases showing highest activity towards the non-phenolic compound ABTS Morozova et al. 2007 ). These K m values were considered to be in the same range of fungal laccases using ABTS (4-770 lM) and 2,6-DMP (8-14,720 lM) as substrate (Baldrian 2006) . The purified laccase showed high affinity against ABTS similar to many previous studies. Laccases from Melanocarpus albomyces (Kiiskinen et al. 2004 ) and from Chaetomium thermophilum (Chefetz et al. 1998) demonstrated K m values of 280 and 190 lM, respectively, towards ABTS. It is also other factor to consider the potential biotechnological interest of the new laccase to be used in delignification, textile dye treatment and detoxification of contaminated soils.
Decolourization of synthetic dyes
The decolourization based on the use of enzymatic methods is shown as a potential alternative to the chemical methods, and it is investigated in many studies using fungal laccase systems as a promising tool (Chen and Yien Ting 2015; Manai et al. 2016) . Multiple studies have shown the treatment of industrial synthetic dyes by using purified laccases (Wong and Yu 1999; Wesenberg et al. 2003; Zouari-Mechichi et al. 2006; Koyani et al. 2013; Xu et al. 2016; Wang et al. 2016) . In this work, we demonstrated the ability of the purified Chaetomium sp. laccase to degrade or transform various synthetic dyes including, triarylmethane type (Malachite Green), anthraquinonic (RBBR) and azoic (Direct Red 75, Direct Blue 86 and Acid Orange 51) dyes type ( Table 3 ). The obtained results showed that the purified Chaetomium sp. laccase was able to decolorize all the tested dyes except Malachite Green and Direct Red 75, in the absence of any mediator. When hydroxy-benzotriazole (HBT) was used as mediator (0.5 mM) in the reaction, a small increase in the level of the decolourization was detected, which is consistent with the previous reports (Zouari-Mechichi et al. 2006; Grassi et al. 2011) . The decolourization of Direct Blue 86 and Acid Orange 51 was slightly affected by the presence of HBT. By contrast, in the case of Malachite Green, the presence of HBT produced an increase of the decolourization rate from 0 to around 37%, after 24 h of incubation. Thus, the presence of HBT or other mediators was shown to be necessary to improve the laccase decolourization ability, which is in agreement to those reported in other fungal laccases from Trametes versicolor (Wong and Yu 1999) , Trametes hirsuta (Abadulla et al. 2000) and Aspergillus sp. (Soares et al. 2001) . Although laccase-mediator systems are considered as responsible for the removal of most recalcitrant dyes, mediators are expensive and can affect the enzymatic activity caused by the generation of toxic unstable radicals (Moldes and Sanromán 2006; Pan et al. 2014) . For this reason, our laccase could be used for the decolourization of industrial wastewater without mediator although more work to optimize dye decolourization is needed.
Conclusion
The search for laccase in ascomycete fungi, where its presence is poorly known, could provide new proteins with catalytic properties of biotechnological and industrial interest. For this reason, this study started with the screening of a newly thermo-tolerant ascomycete fungal strain isolated in Tunisia. The laccase of the most promising fungi, identified as a Chaetomium sp. strain, was purified and characterized and its biochemical and kinetic properties were studied. The purified laccase was highly stable at neutral pH, showing considerable tolerance to the presence of sodium chloride (NaCl). This novel laccase was investigated to test its ability in the decolourization of azoic and anthraquinonic dyes under acid conditions, with and without HBT as mediator. It showed an important ability to decolorize all used synthetic dyes without mediator, except for Malachite Green, although the presence of this mediator played an interesting role as an enhancer of dye decolourization rates. The results suggest that the new laccase could be a potential and suitable tool for further biotechnological applications. 
